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Abstract

The effects of single-step and two-step annealing and Oz plasma treatments on SnO:
slanted nanorods (SNR) films fabricated using DC magnetron sputtering and oblique angle
deposition (OAD) was investigated in this study. The FE-SEM, AFM, and GI-XRD analyses
demonstrate that both treatment approaches significantly influenced the film tilt angle,
thickness, and surface morphology. After annealing, nanorod separation improved, surface
roughness increased, and crystallinity was enhanced, particularly in the (110), (101), and
(211) planes of the tetragonal rutile phase. In contrast, oxygen plasma treatments caused
etching, reduced film thickness, and formed nano-necks at the tips of the slanted nanorods,
leading to a reduction in crystallinity. Additionally, two-step treatments, particularly
annealing followed by plasma treatment, achieved the best crystallinity while minimizing
the etching effects of plasma. Finally, the optical properties, investigated using a UV—Vis—
NIR spectrophotometer, demonstrated a progressive decrease in average transmittance
within the visible region, from 86% to 79%, corresponding to the increasing number of post-
treatment steps. In parallel, the optical bandgap was also found to decrease with additional
treatments, shifting from 4.14 eV to 3.84 eV. The results highlight the importance of
structural modifications in SnO2 SNR films, as they directly influence film properties and
enhance the potential for advanced optoelectronic device applications.
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1. Introduction

SnO2 nanostructure films have been widely studied due to their unique properties, such as
high chemical stability, electrical conductivity, optical transparency, and wide bandgap
ranging from 3.3 to 4.5 eV (Mun et al., 2015; Zakaria et al., 2022). These characteristics
make them suitable for a variety of applications including gas sensors (Oros et al., 2016),
transparent conductive oxides (TCOs), antibacterial coatings, photovoltaic cells,
photocatalysis, lithium-ion batteries (LIBs), and catalysis, among others (Deka et al., 2020;
Dalapati et al., 2021; Liu et al., 2022; Sun et al., 2022; Xavier et al., 2023; Patrun et al.,
2024). The fabrication of SnO2 nanostructures involves several techniques including sol-
gel processing (Kumar et al., 2020), spray pyrolysis (Doubi et al., 2022), hydrothermal
synthesis (lhsan et al., 2025), electron beam evaporation (Lee et al., 2023), pulsed laser
deposition (Hadi et al., 2024), and magnetron sputtering (Oros et al., 2016; Mykhailo et al.,
2019). The magnetron sputtering technique with oblique angle deposition (OAD) has
garnered significant attention due to its high deposition rate, excellent reproducibility, cost-
effectiveness, and, most importantly, its scalability for industrial applications (Martin, 2009).
This method enables precise control over nanostructure growth by adjusting the angle at
which incoming particles strike the substrate, often approaching 80-89 degrees. As a result,
the material is deposited at an angle, leading to the formation of slanted nanorods, where
the nanorods tilt uniformly in the same direction (Angel et al., 2016). However, magnetron
sputtering often results in low crystallinity due to its limited ionization effect (Limwichean et
al., 2021).

Improving the crystallinity of films often involves post-treatments such as annealing
and plasma treatment, each with distinct advantages and limitations. Annealing is widely
employed to enhance crystallinity but require high temperatures, extended processing
times, and poses risks of thermal stress (Orimi & Maghouli, 2016; Babu, et al., 2022).
Plasma treatment, on the other hand, operates at lower temperatures with faster
processing time and effectively modifies surface properties, though it may result in
incomplete phase transitions compared to annealing (Chen et al., 2024). Recent studies
have highlighted the potential of combining annealing and plasma treatment to improve
film quality. For instance, Li et al. (2022) demonstrated that annealing TiO, fibers followed
by H, plasma treatment generated oxygen vacancies, enhancing light absorption and
reducing the bandgap. Similarly, Joshi et al. (2012) found that annealing colloidal ITO films
at 150°C in air, followed by O, plasma treatment, significantly boosted their electrical
properties. Additionally, Rasoo et al. (2020) explored the effects of Ar-plasma treatment
combined with sulfur ambient annealing for the self-formation of indium nanostructures.

Studying the combined effects of annealing and plasma treatment on SnO, slanted
nanorods (SNRs) remains underexplored. Such investigations could provide valuable
insights for optimizing SNR properties, paving the way for improved performance in various
applications. In this study, SnO, SNRs were synthesized using magnetron sputtering
coupled with oblique angle deposition (OAD) techniques. The effects of single step
annealing and O, plasma treatment were systematically examined. Furthermore, the two-
step processes, which were annealing followed by plasma treatment and plasma treatment
followed by annealing were explored to assess their combined impact. The physical,
crystallographic, and optical properties of the SnO, SNRs were thoroughly analyzed to
evaluate their potential for enhancing performance across various applications.
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2. Materials and Methods

The SnO2 SNR films were fabricated using DC magnetron sputtering with oblique angle
deposition (OAD) on both Si and glass substrates. A 3-inch diameter tin (Sn) metal target
of 99.99% purity (supplied by Kurt J. Lesker company) was utilized. Substrates were
cleaned by sonication in isopropanol, acetone, and deionized water for 10 min each,
followed by nitrogen drying, before being loaded into the deposition chamber. The
sputtering was carried out under a gas mixture of Ar (99.99%) and Oz (99.999%) at flow
rates of 20 and 60 sccm, respectively, using a base pressure of 5 x 107 mbar and a
working pressure of 3.0 x 107 mbar. The substrate was tilted at an angle of 85 degrees
relative to the vapor flux, as illustrated in the schematic diagram in Figure 1. During the
deposition process, the substrate remained stationary and unheated, with DC power set to
150 W for a duration of 90 min. After deposition, the As-deposited SnO2 SNR films were
subjected to four different treatment methods to modify the film structure. The single-step
treatments included: 1) Annealing in ambient air at 400°C for 2 h, with a heating rate of
10°C per min. Following this annealing period, the temperature was gradually lowered to
room temperature (Anneal). 2) Oxygen plasma treatment using an RF generator in
sputtering systems, where the pressure was set at 1x102 mbar and the RF power was
maintained at 50W for 10 min (O,-Plasma). The two-step treatments consisted of: 3)
Annealing followed by oxygen plasma treatment (Anneal/O,-Plasma) and 4) Oxygen
plasma treatment followed by annealing (O,-Plasma/Anneal).

The physical morphology of all prepared SnO2 SNR films was analyzed using a
field-emission scanning electron microscopy (FE-SEM; Hitachi High Tech. SU8030) and
atomic force microscopy (AFM; HITACHI AFM 5300E) with a scan area of 1 x 1 ym2. The
crystal structure was examined by grazing incidence X-ray diffraction (GIXRD, Rigaku) with
monochromatized Cu Ka radiation at 50 kV and 300 mA. The XRD measurements were
conducted in 0.02° steps, scanning from 20° to 70° at a speed of 3°/min. Optical properties,
including total average transmittance and optical band gaps, were assessed using a UV—
Vis—NIR spectrophotometer (Agilent Cary 7000 with universal measurement accessory)
over a wavelength range of 250-1750 nm.

Substrate
/8

el o g .
6 §sno, SnO, Annealed 400° C
® 9 @ Slant nanorods
Sn.C)' ® 0;)
Arf “ .!
1

OAD Sputtering

Plasma O,

Figure 1. Schematic diagram of preparation of crystalline SnO2 SNRs by annealing
process in comparison with Oz plasma treatment
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3. Results and Discussion

Figure 2 presents a cross-sectional image illustrating the structural characteristics of the
entire film. The prepared film exhibited a slanted nanorod structure with a length of 721 nm
and an inclination angle of 22° relative to the silicon substrate, as shown in Figure 2(a).
The annealing and plasma treatments showed that the slanted nanorods largely retained
their shape, with a slight increase in tilt angle, where the annealing process caused a
greater increase in tilt angle compared to the plasma treatment, as shown in Figure 2(b).
Regarding thickness, plasma treatment led to a greater reduction in film thickness
compared to annealing. This reduction was due to etching or resputtering caused by
oxygen ion bombardment on the nanorod surface, which resulted in decreased film
thickness, which was consistent with previous research (Zhang et al., 2010; Xie et al., 2017;
Hasani, 2022). When the film was annealed prior to plasma treatment, a slight reduction in
the thickness of the slanted nanorod film was observed. This was attributed to the
annealing process, which helped restructure the film’s orientation, reduce porosity, and
improve packing density (Limwichean et al., 2021). These changes subsequently led to
less etching during plasma treatment.
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Figure 2. (a) Cross-section (SEM) images and angle, (b) Thickness of SnO2 SNRs
prepared at different processes are As-deposit, Anneal, O2-Plasma, Anneal/O2-Plasma,
and Oz-Plasma/Anneal

Figure 3 displays SEM images illustrating the surface characteristics of the films.
Following modifications to the surface, the films exhibit marked changes. The process of
annealing leads to greater spacing among the slanted nanorod structures as increased
temperatures boost atomic mobility. This elevated mobility facilitates continuous atomic
diffusion, which enhances the alignment of the nanorods (Xie et al., 2017). Conversely,
plasma treatment with oxygen ions induces surface bombardment, contributing to the
development of nano-necks at the tips of the nanorods. The analysis of % porosity, based
on the void area between nanorods using surface images processed with the Image-J
program, showed that after annealing, the porosity reached a peak of 38.55%, indicating
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increased separation of the nanorods. In contrast, the plasma-treated film exhibited the
lowest porosity at 26.48%, suggesting greater interconnection between the nanorods. In
the two-step surface treatments, annealing before plasma treatment also resulted in the
formation of nano-necks, though to a lesser extent than in the single-step plasma
treatment, as reflected by the smaller reduction in porosity. For the plasma-treated films,
the annealing process caused a slight increase in structural separation. These findings
highlight the significant impact of surface modifications on tilted nanorods, leading to either
clear separation of nanorods or the development of nano-necks between adjacent grains.
The efficacy of single-step treatments (annealing or O,-plasma only) was evident in their
suitability for applications demanding a high surface-to-volume ratio, such as gas sensors
and photocatalysts. However, two-step treatments (Anneal/O,-Plasma or O,-
Plasma/Anneal) offered a distinct advantage by improving electrical conductivity, which is
attributed to facilitated electron transfer across the Schottky barrier in sensor devices
(Moon et al., 2013; Song et al., 2017).
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Figure 3. (a) Surface (SEM) image, (b) Porosity percentage of SnO2 SNRs prepared at
different processes: As-deposit, Anneal, O2-Plasma, Anneal/O2-Plasma, and O2-
Plasma/Anneal

The surface roughness of SnO2 SNRs was evaluated using root mean square
(RMS) analysis, which indicated that RMS values increased after both single-step and two-
step surface modifications, as shown in Figure 4. This is common behavior in thin film
structures when exposed to surface modification by heating, as the increased energy
enhances atomic mobility, causing rearrangement and grain growth. These microstructural
changes lead to a rougher surface (Tao et al., 2020; Dangi et al., 2023). The highest
surface roughness was achieved through a combination of annealing and plasma
treatment, resulting in an RMS value of 14.71 nm. Further analysis revealed that annealing
had a greater effect on roughness than plasma treatment, due to its longer duration and
higher accumulated temperature, which allowed heat to diffuse throughout the structure.
Additionally, the creation of voids between the nanorods further contributed to the
increased roughness.
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Figure 4. (a) The typical AFM images and (b) RMS roughness of the SnO2 SNRs
prepared at different processes: As-deposit, Anneal, O2-Plasma, Anneal/O2-Plasma, and
O2-Plasma/Anneal

The structure of the SnO2 nanorods (NR) was investigated using GI-XRD. Analysis
of five samples indicated that all films exhibited phases corresponding to the (110), (101),
and (211) planes of the tetragonal rutile phase (JCPDS # 041-01445), with differences in
peak intensities (Oros et al.,, 2016). It was observed that the crystallinity of the film
increased after annealing, which is typical behavior for thin films. In contrast, single-step
oxygen plasma treatment reduces crystallinity. However, films that underwent annealing
prior to plasma treatment showed improved crystallinity. These results emphasize the
significance of the packing density of SnO2 NR films in enhancing crystallinity through
plasma treatment. Additionally, the average crystallite size was determined from all
diffraction peaks using Scherrer’s formula (Ihsan et al., 2025).

KA
b= Bcos6 ()

According to equation (1), D represents the crystallite size, K is the shape factor
(commonly taken as 0.9 for spherical particles), A is the X-ray wavelength of the Cu Ka,
radiation (1.54059 A), B is the full width at half maximum (FWHM) in radians, and 8 is the
Bragg diffraction angle in degrees. The FWHM values used in this study were obtained via
Gaussian fitting of the corresponding diffraction peaks. These values were then applied in
equation (1) to estimate the crystallite sizes for specific Bragg reflection planes, as
crystallite size depends on the orientation of the lattice planes. The experimental results
clearly demonstrate that annealing increases the crystallite size, while plasma treatment
reduces it, as shown in Table 1. However, when annealing is followed by plasma treatment,
the crystallite size reaches its maximum, indicating this combined approach enhances
crystal growth most effectively.
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Figure 5. XRD diffraction pattern of the SnO2 SNRs prepared at different processes:
As-deposit, Anneal, O2-Plasma, Anneal/O2-Plasma, and O2-Plasma/Anneal

Table 1. The crystalline sizes of SnO2 SNR films as determined from X-ray diffraction data
using Gaussian fitting calculations.

XRD Peak 20 (°) d (A) FWHM

Condition —710) (101) (211) (110) _(101) _(211) (110) (101) (211)

As-deposit 26.48 34.06 51.97 0.6139 0.7398 0.4912 232 196 3.14
Anneal 26.72 34.03 52.17 0.5864 0.7552 0.6101 243 192 253
Plasma 26.71 3413 52.14 0.4703 0.5143 0.5572 3.03 282 277

Anneal/ 26.68 34.01 52.11 0.8332 0.8787 0.6051 1.71 1.65 2.55
O2-Plasma
OzAFr’]Ir?ggra/ 26.73 34.06 5214 05891 0.7513 05891 242 193 262

The optical properties of SnO. SNRs were examined by measuring the
transmission spectra of the prepared samples on glass slide substrates. These
measurements, performed in the range of 300-1800 nm at normal incidence using a UV—-
Vis—NIR spectrophotometer, are displayed in Figure. 6. The results showed that all
treatment samples had an impact on optical interference, film transparency, and absorption
coefficient. For comparison purposes, the average transmittance (Tavg) of the samples was
determined by calculating the integral visible transmittance within the 380-780 nm range
using the following equation (Limwichean et al., 2021).

_ [ Bum@DTA)d@)
Tavg = 70 umma@ @
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where T(A) represents the transmittance at a specific wavelength (A) within the visible
spectrum, and ¢um is the standard luminous efficiency function, corresponding to the
human eye's sensitivity to light.

The Tavg values for the SnO> SNRs were calculated as follows: 89.55% for the As-
deposited sample, 84.05% for the annealed sample, 86.38% for the plasma-treated
sample, 80.70% for the annealed-plasma sample, and 78.55% for the plasma-annealing
sample, as shown in Figure 6(b). The results indicate that after surface modification, the
average transmittance (Tavg) decreased. This reduction was attributed to the increased
surface roughness, which enhanced both light scattering and reflection (Tao et al., 2020).
Additionally, it can be observed that the increased tilt angle correlated with the decrease in
Tavg.- Therefore, it could be suggested that the greater tilt angle also contributed to light
scattering and reflection, a point that warrants further investigation. Finally, the
transmittance spectra can be converted into the absorption coefficient to evaluate the band
gap energy. The absorption coefficient was calculated based on the method outlined by
Velevska et al. (2017).

alv) = %ln% (3)

where T denotes the transmittance spectra measured and d is the thickness of the film.
The band gap energy was determined by extrapolating the linear region of the
Tauc plot using Tauc’s equation (Velevska et al., 2017).

(ahv)? = A(hv — Ej) (4)

where A is a constant, hv represents the incident photon energy, Ey is the band gap energy,
and a is the absorption coefficient. The index n defines the type of electronic transitions
responsible for absorption.

Figure 6(c) shows the calculated energy gaps of the SnO2 SNR films for the As-
deposited, Annealed, O2-Plasma, Anneal/O2-Plasma, and O:-Plasma/Anneal samples,
recorded as approximately 4.14, 3.97, 4.10, 3.85, and 3.84 eV, respectively. These results
indicate that post-treated SnO2 SNR films exhibited enhanced absorption of lower-energy
photons, leading to a reduction in optical transmittance, which was consistent with
observations from previous studies (Orimi & Maghouli, 2016; Pan et al., 2019).
Furthermore, the findings reflect the wide optical band gap of SnO: films reported in the
literature, which ranges from 3.3 to 4.5 eV (Mun et al., 2015; Zakaria et al., 2022). In one-
step surface modification, annealing has a more pronounced effect on the optical band gap
than Oz plasma treatment. This is due to annealing improving the crystalline structure more
effectively and reducing defects in the film, resulting in more stable nanostructures.
Additionally, in two-step surface modification, the energy gap reductions are similar,
regardless of whether plasma treatment or annealing is applied first, suggesting that the
order of the processes does not significantly impact the change in the band gap energy.
The overall analysis highlights the importance of this study, demonstrating the differences
between annealing and plasma treatments, as well as two-step surface modifications and
their effects on SnO2 SNRs. These treatments impact the physical characteristics,
crystallinity of thin films, and optical properties. The insights gained from this study can be
further applied to enhance the performance of optoelectronic devices.
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Figure 6. (a) The transmittance spectra, (b) the average transmittance in visible light
range, and (c) Tauc’s optical band gap plot of the SnO2 SNRs prepared at different
processes: As-deposit, Anneal, O2-Plasma, Anneal/O2-Plasma, and O2-Plasma/Anneal

4. Conclusions

In this study, we investigated the impact of annealing and oxygen plasma treatment on
Sn0O, slanted nanorod (SNR) films prepared through DC magnetron sputtering with oblique
angle deposition (OAD). The findings show that both single-step and two-step treatments
significantly affected the characteristics of the SnO, SNR films. Annealing improved the
separation between the slanted nanorods, resulting in better alignment and enhanced
morphology. In contrast, O, plasma treatment which involved ion bombardment, reduced
the film thickness and promoted the formation of nano-necks at the tips of the nanorods.
In the two-step process, annealing before O2 plasma treatment played a crucial role in
minimizing the etching effects and preserving the structural integrity of the nanorods.
Additionally, this combination resulted in the highest crystallinity, although single-step Oz
plasma treatment led to a reduction in crystallinity. In terms of optical properties, all surface
modifications resulted in a slight decrease in transparency. The single-step Oz plasma
treatment exhibited the highest transparency, with an average transmission (Tavg) of 86%.
Moreover, the treatments caused a reduction in the optical bandgap, which enhanced film
stability. These results highlight the effectiveness of post-treatments in enhancing the
properties of SnO, SNR films, making them more suitable for optoelectronic applications.
Furthermore, all processes can be carried out within a single magnetron sputtering system,
facilitating scalability for commercial production.
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